Forest management practices often severely affect forest ecosystem functioning. Tree removal by clearcutting is one such practice, producing severe impacts due to the total reduction of primary productivity. Here, we assessed changes to fungal community structure and decomposition activity in the soil, roots and rhizosphere of a Picea abies stand for a 2-year period following clearcutting compared to data from before tree harvest. We found that the termination of photosynthate flow through tree roots into soil is associated with profound changes in soil, both in decomposition processes and fungal community composition. The rhizosphere, representing an active compartment of high enzyme activity and high fungal biomass in the living stand, ceases to exist and starts to resemble bulk soil. Decomposing roots appear to separate from bulk soil and develop into hotspots of decomposition and important fungal biomass pools. We found no support for the involvement of ectomycorrhizal fungi in the decomposition of roots, but we found some evidence that root endophytic fungi may have an important role in the early stages of this process. In soil, activity of extracellular enzymes also decreased in the long term following the end of rhizodeposition by tree roots.
Introduction
Forest soils represent globally important organic carbon (C) pools, which act as C sinks during steady-state functioning [1] . Soil C increases through the accumulation of dead wood and litter on the soil surface and root litter in soil, as well as during translocation of current photosynthates below ground by trees. The latter part of C input is considerable, representing between 25 and 63% of gross primary production [2] . In addition to being temporarily immobilized in fungal mycelia [3] , allocation of plant C to roots may also stimulate the turnover of soil organic C, initiating the decomposition of complex organic compounds; this is referred to as the 'priming effect' [4, 5] . Furthermore, the rhizodeposited C serves as a biomass source for soil fungi and bacteria. In coniferous forest stands, labile C from trees was shown to be the major source of C for fungal communities and microbial respiration [6, 7] .
Forests are often subject to disturbances such as wildfires, insect outbreaks or biomass harvest, which have multiple effects on ecosystem functioning [1, 8] . The cessation of photosynthate flow from trees leads to a complex response that affects multiple habitats within soils. In addition to a general decrease in activity, soil microorganisms become increasingly dependent on more recalcitrant C sources [7] . Ectomycorrhizal fungi (EcMF) in particular are significantly affected by the termination of tree photosynthesis, and due to their important roles in C cycling in ecosystems, they likely mediate the disturbance-induced effects on soil. All their primary roles are substantially affected, including the trafficking of plant C through their mycelia into soil, contribution to the formation of soil organic matter (SOM) and direct or indirect effects on SOM decomposition [9] .
The estimates of EcM fungal production and standing biomass indicate high contribution to the microbial biomass, especially in temperate and boreal coniferous forests [1] . Total standing EcM fungal biomass in a Picea abies forest of southern Sweden was estimated at 9.6 t ha −1 , which represents approximately one-half of total microbial biomass [10, 11] . When trees are removed, EcMF rapidly lose their source of C and react to this situation. Although coniferous forest soils are full of organic C, it is available in the form of complex compounds that must be decomposed. Several recent studies have investigated whether and under which circumstances decomposition and saprotrophy can be triggered in EcMF and assessed its ecological significance [9, [12] [13] [14] . These authors hypothesized that saprotrophic C acquisition by EcMF may be an alternative strategy: (1) during periods with low photosynthate supply, (2) during periods of high photosynthate supply, but when a supplementary resource for massive mycelial production is required, or (3) during decomposition of dying tree roots [14] . While recent views consider it unlikely that EcMF can obtain C from SOM [15] , the question whether decomposition of dead roots provides C for EcMF remains unresolved. For a limited time, dead roots may represent a resource that allows the EcMF to disperse to another living roots or generate spores that allow them to survive unfavourable conditions. Due to their intimate symbiosis with fine roots, they may potentially benefit from priority in this substrate and utilize the dead root necromass. In contrast, EcMF in the soil lose competitive potential after disruption of root carbon transport [16] . It has been proposed that saprotrophic fungi and EcMF have overlapping fundamental niches, but that antagonistic EcMF exclude more efficient saprotrophic decomposers from the deeper organic layers [17] and that competition between these guilds might reduce decomposition rates [18] [19] [20] . On the other hand, EcMF may 'prime' decomposition by transferring plant C into bulk soil through hyphal exudation, production of organic acids or simply due to biomass turnover [9, 21] . Similarly, EcMF may decompose soil C as a consequence of mining soil for organic nutrient [14] . These effects would be theoretically relieved after tree removal.
According to a recent metastudy, clearcut harvesting decreases microbial biomass by 14-33% and fungal biomass by 20-40%, having a lesser impact than wildfire but a greater impact than insect outbreaks [22] . Negative shortterm effects of clearcutting on ectomycorrhizal fungal biomass and diversity have been found [23, 24] , and even in young regenerating stands, the ratio of saprotrophic to EcMF remains high [25] . The effects of tree harvesting on soil microbial communities are most rapid in the initial phases, but long-lasting, recognizable effects can persist from 12 up to 50 years after harvest [25, 26] .
While the flow of photosynthates into soil ceases after clearcutting, forest stands are subjected to one-time input of root litter. The standing mass of roots is stand-specific, but may be very high. For example, the root systems in a Pinus taeda plantation contained approximately 32% (17.2 Mg ha −1 ) of the soil organic carbon [27] . Dead roots appear to contain a substantial amount of labile C, as apparent from the observation that approximately 35% of standing root mass was lost during 1 year after clearcutting of a spruce-fir stand and it is also supported by the observation that in the first season after the clearcut, respiration was 16% higher than in the uncut stand [28] . Compared to the fate of the aboveground litter, the decomposition of dead tree roots has so far received less attention [29, 30] . The mass of EcM fungal mycelia was found to be in the same range as that of fine roots [31] , and EcM mycelia thus represent another important labile resource [21] . High respiration rates observed after clearcutting may be due to rapid decomposition of these mycelia.
The aim of this work was to monitor the response of the fungal community after clearcutting and to assess the associated consequences for SOM decomposition. A P. abies stand was subjected to clearcutting, after which fungal biomass, community composition and enzyme activity were assessed and compared to data from before clearcutting. We hypothesized that (1) the utilization of complex compounds in soil should be accompanied by an increase in enzyme activity, and (2) tree removal will be followed by shift in fungal community composition towards saprotrophic fungi. We expected that (3) decomposing fine roots would be partly subject to colonization by soil fungi and (4) partly subjected to temporary utilization by EcMF with saprotrophic capability.
Materials and methods

Study area, sample collection and characterization
Samples were collected in the Training Forest Enterprise Masaryk Forest Křtiny of Mendel University in Brno, a managed mixed temperate forest located north of Brno, Czech Republic (latitude 16°45′E, longitude 49°19′N, 475 m a.s.l.) in a 1-ha 80-year-old spruce (P. abies) stand. In June 2013, all trees in the stand were cut. All aboveground biomass of trees including small branches was removed, while the stumps and root systems in soil were left as well as the forest floor, according to the common management practice in Central European production forests (see Supplementary Figure 1 During the first sampling, 10 trees located >15 m from the stand edge were labelled. Sample collection was performed by taking five soil cores (4.5 cm diameter, 10 cm depth) around each labelled tree/tree stump at evenly spaced points between 1.5 and 2 m from each tree. The soil core material was separated into three compartments: bulk soil until 10 cm depth (not attached to the P. abies roots), P. abies fine roots (<2 mm diameter) and rhizosphere soil (soil attached to P. abies fine roots after their separation from the soil matrix). Samples from five soil cores around a single tree were combined to represent one sample (10 samples per sample type, per sampling time). Soil and rhizosphere soil material was passed through 5-mm sterile mesh. Samples were freeze-dried and stored at −80°C.
Water content was measured based on the difference between sample fresh mass and mass after freeze-drying, and pH was measured in distilled water (1:10). C and N content was measured using an elemental analyser. Total ergosterol was extracted using 10% KOH in methanol and analysed by high-performance liquid chromatography [32] . Enzyme assays were performed using soil and root homogenates [33] .
DNA extraction, sequencing of PCR amplicons and processing of sequence data Total genomic DNA was extracted from 250 mg of bulk or rhizosphere soil material using a modified Miller method [34] . Root samples were homogenized using a mortar and pestle under liquid nitrogen and DNA was extracted from 150 mg of root tissue using DNeasy Plant Mini Kit (Qiagen, Germany). All DNA extractions were performed in triplicate, and extracts were combined into one sample and polymerase chain reaction (PCR) amplified in triplicate to reduce PCR bias. PCR amplification of the fungal ITS2 region from DNA was performed using barcoded gITS7 and ITS4 primers [35] , as previously described [36] . Sequencing was performed using 250-bp paired-end chemistry on an Illumina MiSeq system. Sequence data were processed using SEED 2.0 [37] as described previously [36] . After joining pair-end reads, ITS2 extraction and chimera removal, sequences were clustered to Operational Taxonomic Units (OTUs) using UPARSE [38] at a 97% similarity level. Consensus sequences were constructed for each OTU, and the closest hits were identified using UNITE [39] ; nonfungal sequences were discarded. Sequence data were deposited in MG-RAST (http://metagenomics.anl.gov/, data set number mgs616649). The relative abundance data are based on sequence abundances and should be taken as proxies of taxon relative abundances only with caution [40] . To assign putative ecological functions to the fungal OTUs, fungal taxa were classified into ecophysiological categories following [41] .
Statistical analyses
Past 2.17c (http://folk.uio.no/ohammer/past/) and R v. 3.2.3 [42] were used for statistical analyses. In all cases, differences at P < 0.05 were considered statistically significant. Differences in soil variables and enzyme activities were tested using a Mann-Whitney U-test. Prior to subsequent analyses, fungal communities were standardized using Hellinger transformation. Bray-Curtis dissimilarity was used to construct a fungal community dissimilarity matrix. Because of the repeated sampling of the same sampling sites during the experiment, we took into account the effect of spatial distance by reducing the spatial distance matrix of sampling sites into spatial Principal Coordinates of Neighbour Matrices (PCNM). PCNM vectors were subsequently used as a proxy for spatial autocorrelation in permutational multivariate analysis of variance (PERMANOVA) analysis. PERMANOVA using the adonis function of the 'vegan' package in R was used to address the relative importance of time, compartments and water content for fungal community composition. Significance of the environmental characteristics was always tested after accounting for spatial autocorrelation. Pairwise PERMANOVA with 99,999 was performed for fungal communities and fungal ecophysiological cathegories between timepoints and between compartments. Bonferroni correction was used to calculate the corrected P value determined by the pairwise PERMA-NOVA analysis. Hellinger-transformed fungal OTU and fungal genera communities were used for NMDS analyses using the 'ecodist' package in R. Confidence ellipses (95% confidence) were calculated using the ordiellipse function in the 'vegan' package. OTU richness was calculated for a data set containing 1000 randomly selected sequences from each sample.
Results
Soil properties, enzyme activity and fungal biomass Water content in the rhizosphere was significantly higher than soil until month 3, and beyond that was similar. Soil and rhizosphere pH values were approximately 4.2. Neither water content nor pH showed significant change over time. C and N content did not differ between the soil and rhizosphere and were stable at approximately 5.7 and 0.40%, respectively, with a C/N ratio of 15. The values in roots of the living stand were higher, with 41% C, 0.97% N and a C/ N ratio of 43. After clearcutting, the composition of P. abies roots remained the same, with a N content of 0.84-1.08% and a C/N ratio between 37 and 51. In the P. abies stand, activity of all enzymes was lowest in the bulk soil. Compared to soil, activity of all enzymes except glucuronidase, α-glucosidase, endoxylanase and Mn peroxidase was significantly higher in the rhizosphere. Laccase activity in rhizosphere was 16-fold higher than in bulk soil, while endocellulase, exocellulase, β-glucosidase, β-xylosidase and N-acetylglucosaminidase activity were three-fold to four-fold higher. In the root compartment, the activity of most enzymes was either comparable to or higher than in the rhizosphere (Fig. 1) . The activity of endocellulase, endoxylanase and glucuronidase in the root compartment was 8-to 11-fold higher than in the rhizosphere, and α-glucosidase and N-acetylglucosaminidase activity were 5-fold and 3-fold higher, respectively.
After clearcutting, the activity of most enzymes in the soil remained stable for some time, but decreased significantly toward the end of the experiment. Enzyme activity in the rhizosphere decreased faster and reached the same values as in bulk soil at some point during the experiment. In the root compartment, activities of all enzymes except N-acetylglucosaminidase and glucuronidase showed a significant increase in activity (especially laccase, Mn peroxidase, β-glucosidase and exocellulase) for activities. Different letters indicate significant differences in activity between soil, rhizosphere and roots, and squares indicate significantly different abundances compared to the P. abies stand in month 0 some period after clearcutting but often decreased later (Fig. 1) .
Fungal biomass in the P. abies stand significantly differed among the root compartment (113 ± 21 μg ergosterol g −1 soil dry mass), rhizosphere (21 ± 3 μg g −1
) and bulk soil (8.8 ± 1.7 μg g −1 ), and the same pattern was observed 2 months later (Fig. 2) . Fungal biomass content in the rhizosphere later decreased and did not significantly differ from bulk soil. Fungal biomass content in the root compartment was always higher than in the rhizosphere and soil, but not significantly higher than initial values. In month 25, the root compartment contained 334 ± 27 μg g −1 , and soil contained 8.5 ± 5.0 μg g −1 ergosterol; rhizosphere contained only 6.0 ± 1.4 μg g −1 , significantly less than before clearcutting (Fig. 2) .
Fungal community in soil and decomposing P. abies roots
Stepwise selection of factors identified spatial distance (represented by five significant PCNM vectors), compartment (root, rhizosphere and bulk soil) and time after clearcutting as the best explanatory factors for fungal OTU community composition, explaining 7.3, 25.6 and 7.8% of the total variance (based on the Adj R 2 values), respectively. The NMDS ordination revealed greater changes in rootassociated communities rather than rhizosphere or soil fungal communities over time after clearcutting (Fig. 3) . Time after the clearcutting had a significant effect on fungal community composition, as well as on the composition of fungal ecophysiological categories in all three compartments (Table 1) .
The P. abies stand contained mostly sequences of EcMF (54-59% in all compartments), followed by saprotrophs (30-36%) and root endophytes (3-6%). Bulk soil and rhizosphere also contained 4% yeasts and 3-5% of white-rot fungi, while roots contained more white-rot fungi (10%) and less yeasts (Supplementary Table 1 ). The first significant shift in fungal community composition and composition of fungal ecophysiological categories was observed 3 or 5 months after clearcutting (Fig. 4) . Subsequently, fungal community composition and the proportions of fungal ecophysiological categories changed gradually during succession on decomposing roots. The shift was mostly driven by a decline in the relative abundances of EcM fungal genera (e.g., Russula, Tylospora, Amanita). While the relative abundance of EcMF in the root compartment dropped to only 5% 8 months after clearcutting, it remained higher in rhizosphere (28%) as well as in bulk soil (28%; Fig. 4a ). Fungal communities associated with roots were characterized by increased relative abundances of root endophytes (e.g., Phialocephala, Rhizoscyphus) 3 to 13 months after clearcutting ( Fig. 3; Fig. 4b ). Saprotrophs (e.g., Mycena) dominated in the root compartment 13 months after clearcutting and beyond. Within rhizosphere and bulk soil, the relative abundance of saprotrophs (e.g., Mortierella, Umbelopsis, Pseudogymnoascus) gradually increased (Fig. 3) . The proportion of yeasts increased significantly both in the rhizosphere and in bulk soil, reaching values between 10 and 14%. The relative content of white-rot fungi tended to increase, but the increase was not significant due to high variation among samples (Fig. 4b) . As a consequence of succession, fungal communities changed profoundly in the 2 years after clearcutting. Fungal OTU richness increased significantly in the rhizosphere and bulk soil, from 100 to 125 OTUs in month 0 to 180-200 OTUs in month 25 (p < 0.0001). Mortierella, Umbelopsis and Pseudogymnoascus had the highest relative abundances in the rhizosphere and bulk soil, while Mycena, Trechispora, Resinicium and Marasmius had the highest relative abundances in the root compartment.
Community composition of individual functional guilds after removal of spatial effects also significantly changed over time. Saprotrophs and yeasts were the most affected in the rhizosphere, while the EcMF community was the most affected in roots (Table 2) . Although the relative abundances of all EcM fungal taxa decreased with time, species did show different levels of persistence ( Fig. 3 ; Supplementary Table 2 ). While certain EcMF such as Russula Fig. 2 Fungal biomass in the soil, rhizosphere and roots of a Picea abies stand before (month 0) and after clearcutting expressed in μg ergosterol g −1 of dry soil or roots. Values represent means (n = 10) of the ergosterol content. Different letters indicate significant differences in ergosterol content between soil, rhizosphere and roots, and squares indicate significantly different ergosterol content compared to the P. abies stand in month 0 Fig. 3 a Non-metric multidimensional scaling (NMDS) plot of the community composition of fungal genera. Each symbol represents one root (square), rhizosphere (triangle) or soil (circle) sample. Time after clearcutting is indicated by colour. b NMDS plots of the composition of fungal genera communities for three studied compartments: (i) root, (ii) rhizosphere and (iii) soil. Ellipses represent ordination confidence intervals (95%) for different sampling times after clearcutting. The relative abundances of fungal genera are expressed by the size of symbols, and putative fungal ecophysiology is indicated by colours: EcMF-green, endophytic fungi (ENF)-violet, saprotrophs-red, plant pathogens-blue, white-rot-grey and yeast-orange torulosa, Russula vesca or Tylopilus felleus disappeared completely, others were still present in the root compartment after 12 months. Other taxa persisted in the soil and rhizosphere even after 18 months. Meliniomyces bicolur in particular exhibited high persistence in soil, even though it disappeared from decomposing roots (Supplementary Table 2 ).
Discussion
Response of the P. abies stand to clearcutting
The soil under the P. abies stand was characterized into three distinct compartments: fine roots, rhizosphere and bulk soil. These compartments differed in fungal biomass content and enzyme activity, with both higher in the root compartment over rhizosphere and bulk soil. However, relative proportion of the fine roots and rhizosphere masses were negligible: 0.19 and 0.90%, respectively, or 1.90 and 0.89% if we consider only the organic matter.
Forest clearcutting substantially shifted the composition of available resources from labile, root-derived, recent photosynthates to more recalcitrant forms, represented by senescing tree roots and mycorrhizal fungal mycelia, and caused several changes in the soil habitat. The mass of fine roots decreased to approximately one-half the initial amount 2 years after the disturbance, which is comparable to previous reports on coniferous root decomposition (e.g., [30, 43] ). When extrapolated, approximately 5 t ha −1 fine root mass was lost, suggesting that decomposing roots represent an important resource for saprotrophic fungi. While in the uncut stand, 2.8% of fungal biomass was associated with fine roots, 1.9% with rhizosphere and 95.3% with bulk soil, during the peak period of root decomposition, fungal biomass in decomposing roots represented 12.9% of the total. The fungal biomass content in decomposing roots was estimated at approximately 112 mg g −1 in month 5, a value comparable or higher than that of decomposing deadwood or P. abies litter [44, 45] and decomposing roots thus represent a hotspot of decomposition activity. This hotspot seems to be somehow separated from the soil matrix, since both fungal biomass and enzyme activity in rhizosphere declined to values recorded in the bulk soil. Interestingly, although fungal biomass in the bulk soil decreased significantly during the 2 years following clearcutting in the conifer stand [7] , as well as in the stand killed by bark beetle infestation [8] , we did not observe a significant decrease of fungal biomass; the changes in fungal community composition thus likely included the decrease in certain taxa with a concomitant increase in others. Previous reports have demonstrated that decomposition may be inhibited by the presence of EcMF [18] [19] [20] and the period after clearcutting when EcMF abundance is reduced was hypothesized to be the time of increased C turnover due to relief of this so-called 'Gadgil effect' [25] . Contrary to Hypothesis 1, forest clearcutting did not have a positive effect on enzyme activity in rhizosphere or bulk soil, except for Mn peroxidase, whose activity increased in the bulk soil in the late phase of the experiment.
Activity of most enzymes in the rhizosphere significantly decreased soon (3 months) after the clearcutting. This decline suggests that living plant roots stimulate soil enzymatic activity in their rhizosphere. Rhizosphere priming of SOM decomposition was experimentally demonstrated in microcosms with Pinus ponderosa and Populus fremontii [4] . Here, we show that the same can be observed in natural stands where rhizosphere priming may be Fig. 4 Abundances of major fungal genera and functional groups in the soil, rhizosphere and roots of a Picea abies stand before (month 0) and after clearcutting. Values represent means (n = 10) of the relative abundances of ITS2 amplicons expressed as percentages. a Abundance of major fungal genera. Different letters indicate significant differences between timepoints. b Abundance of functional groups. Different letters indicate significant differences in abundance between soil, rhizosphere and root, and square symbols indicate significantly different abundance compared to the P. abies stand on month 0 theoretically counterweighted by the relief of the Gadgil effect and the decomposition of mycelia.
On the contrary, activity of most hydrolytic enzymes significantly decreased in the bulk soil in the late phase of the experiment (20 months after the clearcutting). Decreased enzyme activity in a long-term perspective was previously also observed after reduction of belowground C supply to soil via EcM tree girdling [46] and after tree dieback caused by bark beetle invasion [8] . We hypothesize that the observed long-term decline of hydrolytic enzymes was a response to decrease of a belowground litter production (plant roots and mycorrhizal fungal mycelia). On the contrary, increase of Mn peroxidase activity in the late phase of the experiment may indicate the shift in SOM turnover towards the decomposition of more recalcitrant compounds. Highly significant correlations between enzyme activity and fungal biomass content suggest that fungi might be responsible for a large part of the observed enzyme production in soil. This is in agreement with observations in a mountainous Picea abies forest, where most transcripts of glycoside hydrolases and auxiliary enzymes were of fungal origin [47] .
In contrast to soil, clearcutting caused a substantial increase of β-glucosidase, exocellulase, β-xylosidase, endoxylanase and α-glucosidase activities in the root compartment in the early stage of decomposition (5-8 months). The increased activity of these enzymes together with decrease of root mass indicates that early decomposers focus on degradation of less recalcitrant components of plant tissue, such as hemicellulose, pectins and other labile C sources. In later stages (8-13 months), increased endocellulase activity together with continuous high activity of exocellulase and β-glucosidase indicate degradation of more recalcitrant, structural polysaccharides such as cellulose. In the same time period, lignin-degrading enzyme activity (Mn peroxidase and laccase) also increased. These observations suggest that transition from the decomposition of labile forms of C to more recalcitrant forms occurs after approximately 10 months. This sequential degradation of root litter components is energetically favourable and analogous to the decomposition of aboveground litter [48] , while the decomposition of bulky deadwood often starts with selective delignification, that is, the removal of the most recalcitrant biopolymer-lignin [48] . Fungal community in the clearcut forest stand Fungal community composition responded to forest clearcutting in complex ways. While fungal communities in the rhizosphere and soil developed gradually, root fungal communities showed much more dynamics. In all the studied compartments, the proportion of EcMF substantially decreased within 3 months, which corresponds to our Hypothesis 2 and to the previously documented shifts in fungal community composition after belowground carbon disruption induced by clearcutting [25, 49] , tree girdling [6, 50] , bark beetle outbreaks [8, 51] or defoliation [52] . The decline in the EcMF proportion was faster in the root compartment compared to the soil and rhizosphere compartments. In the rhizosphere, the significant reduction of ergosterol content implies that the relative decrease of EcMF (based on sequence numbers) corresponds to an even more dramatic decline in absolute terms. A similar, although less dramatic, decline in EcMF was observed in the bulk soil. These results may indicate that EcMF in rhizosphere soil are present in forms requiring more hostderived carbon compounds, such as in the form of physiologically active extraradical mycelia. In contrast, the proportion of EcMF forms adapted to unfavourable conditions, such as spores or rhizomorphs, may be higher in bulk soil. The increasing proportion of other fungi in the community during root decomposition must be considered in relation to the decline in EcMF.
Although EcMF persistence differs between taxa, we found no support for the assumption expressed by Talbot et al. [14] that some may decompose dying roots (Hypothesis 4). Along with the fact that EcMF dramatically decrease activity in winter when C is limited [36] and the observation that they often require simple carbon compounds to decompose recalcitrant organic matter [15] , it seems that EcMF are rather dependent on C supply from hosts. The only exception might be that Meliniomyces bicolor exhibited high persistence in soil. M. bicolor is an ascomycetous EcM fungus that is closely phylogenetically related to ericoid mycorrhizal fungi [53] , which are known to be efficient decomposers of recalcitrant organic compounds [54] [55] [56] . Indeed, recent genomic analysis suggests similar enzymatic capabilities of M. bicolor and ericoid mycorrhizal fungi [57] , and thus this species may switch to a saprotrophic lifestyle when host C supply terminates.
Between months 3 and 10 post-clearcutting, the proportion of endophytic fungi (ENF) in decaying roots increased. These communities were dominated by Phialocephala fortinii, the well-known dark septate endophytes [58] . Compared to EcMF, ENF generally feature greater enzymatic capabilities for degradation of complex organic compounds [59] . Although the comparative genome analysis showed greater copy numbers of genes encoding enzymes involved in decay of lignin and cellulose in white and brown rot fungi than in root endophytes [55, 59] , a colonization priority effect can provide a competitive advantage to the latter. This would complement the recent observations that leaf [60, 61] and wood endophytes [62, 63] are activated after the dieback of host tissues, and contribute significantly to the initial phases of decomposition of dead host tissues [60, 63] . Since the biomass of ENF in living tree organs (leaves, wood and roots) is relatively low and the activity and intensity of utilization of host resources are likely limited [60, 62, 63] , we may speculate that the endophytic lifestyle of these fungi actually only represents an adaptation to ensure priority in host tissues for the upcoming decomposition stage in which they rapidly proliferate.
During subsequent decomposition phases (13-25 months), the proportion of ENF sequences in decaying roots declined and was replaced by those of saprotrophic fungi such as Resinicium and Mycena, which are known as white-rot decomposers of recalcitrant organic compounds including lignin and often reported from decomposing deadwood [45] . In a recent study, Smith et al. [64] provided evidence that Mycena spp. may also asymptomatically colonize living coniferous roots, and the presence of Mycena sp. in P. abies roots before clearcutting concurs with the results of that study. It is thus possible that both major fungal groups of putative root decomposers in our study site (based on prevalence in DNA pools from decomposing roots), Phialocephala fortinii and Mycena spp., could have already been present in living roots as asymptomatic endophytes prior to clearcutting. Therefore, contrary to our third hypothesis, we conclude that the composition of fungal communities associated with decomposing roots substantially depends on early colonizers that are capable of association with living plant roots.
Conclusion
This study demonstrates that clearcutting leads to profound changes in soil decomposition processes and fungal community composition. The rhizosphere, as an active compartment of high enzyme activity and high fungal biomass, ceases to exist and starts to resemble bulk soil. Decomposing roots seem to be isolated from the rest of soil and represent a hotspot of decomposition and fungal biomass. In the long term, decomposition in soil decreases, indicating the potential importance of root activity for the decomposition of recalcitrant soil organic matter. While there is no support for the involvement of ectomycorrhizal fungi in the decomposition of roots, we show that root endophytic fungi play an important role in the early stages of this process, indicating the importance of the priority effect.
